INTRODUCTION 1
Anxiety disorders, such as generalized anxiety disorder (GAD), social anxiety disorder, and panic 2 disorder, as well as stress and trauma disorders, such as posttraumatic stress disorder ( Despite their prevalence and severity, a complete understanding of the brain mechanisms of 6 anxiety-related behaviors has been elusive. Current models indicate that anxiety and trauma 7 disorders involve a complex network of highly interconnected brain regions (Adhikari, 2014;  Fox, 2016); these include (but are not limited to) the medial prefrontal cortex, amygdala, 12 hippocampus, and bed nucleus of the stria terminalis (BNST). In recent years, growing interest has 13 centered on the BNST as a potential target of therapeutic interventions. However, the precise 14 circumstances that engage the BNST in the learning and memory processes involved in anxiety 15 are poorly understood. 16
To address these lingering questions, we have used Pavlovian fear conditioning procedures 17 to probe the contributions of the BNST to aversive learning and memory. In this form of learning, 18 a neutral conditioned stimulus (CS), such as an auditory tone, is paired with a salient and aversive 19 stimulus, such as footshock [unconditioned stimulus (US)] (Maren, 2001a; Pavlov, 1927; 20 Rescorla, 1968 20 Rescorla, , 1988 . The US itself elicits a number of unconditioned behaviors (URs), including 21 bursts in activity and ultrasonic vocalizations (Fanselow, 1994) . With as little as a single pairing 22 with the US, the CS alone will elicit conditioned defensive responses (CRs; including defensive 23 immobility or "freezing", which often serves as the index of conditioning). During fear 4 conditioning, animals not only learn that the CS predicts the US, but also learn to fear the context 25 in which conditioning occurs. Interestingly, numerous studies implicate the BNST in the 26 acquisition and expression of conditioned fear to contexts, but not discrete CSs (Goode et 2017). Consistent with this, we have recently reported that pharmacological inactivation of the 40 BNST attenuates fear elicited by discrete auditory CSs that poorly predicted shock onset (Goode 41 et al., 2019) . 42
If temporal predictability, rather than stimulus modality or duration, is the critical factor 43 determining BNST involvement in conditioned fear, then there should be factors in which 44 contextual fear conditioning is independent of the BNST. Indeed, it has recently been reported that 45 BNST lesions do not affect context fear conditioning when the footshock US occurs relatively 46 soon (1 min) after an animal is placed in the conditioning context relative to those shocked after a 47 long delay (10 min) (Hammack et al., 2015) . However, in this study total exposure to the 5 conditioning context was not equated, which therefore confounded the timing of shock onset 49 (imminent or remote) with the duration of the context CS (short or long). 50
Here we sought to disentangle these factors by using a fear conditioning procedure that 51 equated total context and shock exposure, while varying the placement-to-shock interval (1 min or 52 9 min). Animals experienced four 10-min contextual conditioning sessions in which they received 53 a single shock per session that either occurred 1 min after the animal was placed in the conditioning 54 context ("IMMINENT") or 9 min after placement in the context ("REMOTE"). We hypothesized 55 that the reversible inactivation of the BNST would impair the expression of contextual freezing in 56 animals conditioned with temporally remote (9-min placement-to-shock), but not imminent (1-min 57 placement to shock), USs. We also examined the context-dependence of conditioning by assessing 58 the degree of context discrimination supported by the two conditioning procedures. Furthermore, 59
we characterized behavioral features of each procedure, including shock-induced activity during 60 conditioning, and the freezing latencies and bout durations of the rats during fear retrieval. Overall, 61
we found that pharmacological disruption of the BNST was most effective in disrupting remote 62 but not imminent shock. 63
Figure 1.
Behavioral design for testing context discrimination following conditioning using imminent and remote shock onset. Rats were randomly assigned to undergo four separate sessions of contextual fear conditioning using IMMINENT (1-min pre-shock baseline) or REMOTE (9min pre-shock baseline) unsignaled shock. Each conditioning session was 10 min each. After training, and in a counterbalanced manner, IMMINENT and REMOTE rats were placed in a novel context (Context B) or the conditioning context (Context A) for 10 min in the absence of shock before being switched to the other context for an additional shock-free 10 min session.
RESULTS

64
Conditioning using imminent or remote shock is context-dependent 65
As a first step, we began by characterizing the topography and specificity of conditioned freezing 66 produced by imminent or remote shock. Rats were placed in the conditioning context and received 67 a footshock either 1 or 9 min after placement in the chamber ("IMMINENT" and "REMOTE" 68 footshock, respectively); this procedure was conducted across four 10-min session. One day after 69 the final conditioning session, animals underwent a counterbalanced test for context 70 discrimination. A schematic of the behavioral design is shown in Figure 1 . As shown in Figure 2 , 71 animals freezing behavior increased across each conditioning session for each conditioning 72 procedure. ANOVAs of freezing during conditioning sessions I-IV revealed a main effect of time 73 for each session (session I, repeated measures: F9,252 = 10.05, p < 0.0001; session II, repeated 7 measures: F9,252 = 6.80, p < 0.0001; session III, repeated measures: F9,252 = 14.90, p < 0.0001; 75 session IV, repeated measures: F9,252 = 20.88, p < 0.0001). Additionally, a main effect of 76 conditioning procedure was detected for each session (session I: F1,28 = 32.02, p < 0.0001; session 77 II: F1,28 = 79.42, p < 0.0001; session III: F1,28 = 25.41, p < 0.0001; session IV: F1,28 = 18.41, p < 78 0.0005). Significant time × conditioning procedure interactions were detected across conditioning 79 To test for retrieval and for the extent of context generalization, animals were either placed 91 in the conditioning context or a novel context (10 min/session) followed by exposure to the 92 alternate context ~4 hrs later (test order was counterbalanced). As shown in Figure 3A 17.85, p < 0.0001), a time × context × conditioning procedure interaction (repeated measures: 100 9 4.03, p < 0.0001). However, there was no overall main effect of test order (F < 0.09, p > 0.75). No 102 other main effects or interactions were detected (F's < 1.80, p's > 0.06). A discrimination index 103 (i.e., mean freezing of animals in the conditioning context subtracted from freezing percentages in 104 the novel context) was calculated ( Figure 3C ), which revealed no significant difference in the 105 extent of this discrimination between the two conditioning groups (t < 1.5, p > 0.15). In total, these 106 data indicate that although both IMMINENT and REMOTE rats exhibited generalized freezing in 107 the novel context, this generalized freezing was significantly less than freezing in the conditioned 108 context. Additionally, the extent of context discrimination was similar between the training 109 procedures, suggesting that both training procedures produce similar levels of context-dependent 110 fear conditioning. 111 In addition to affecting the expression of shock-induced URs, the conditioning procedures 129 produced differences in the nature of conditioned freezing in the conditioning context. To elucidate 130 these differences, we examined the latency to the first freezing bout, as well as the average length 131 of the freezing bouts in the conditioning context at test (Maren, 2001b) . Although percentages of 132 freezing are commonly reported as an index of learning, how animals reach certain magnitudes of 133 freezing can differ. For example, an animal could express 50% freezing across a 10-min session 134 by freezing for a sustained 300-sec bout, or by engaging in ten separate 30-sec bouts across the BNST-cannulated animals were randomly assigned to undergo four separate sessions of contextual fear conditioning using IMMINENT (1-min pre-shock baseline) or REMOTE (9-min pre-shock baseline) unsignaled shock. Each conditioning session was 10 min. After conditioning, IMMINENT and REMOTE rats were infused with MUS/NBQX (to reversible inactivate) or vehicle (VEH) into the BNST prior to a 20 min shock-free retrieval session in the conditioning context.
In this experiment we tested whether placement-to-shock interval influences the role of the BNST 154 in the expression of contextual freezing. Rats with cannula targeting the BNST were placed in the 155 conditioning context and received a footshock either 1 or 9 min after placement in the chamber 156 
DISCUSSION 198
We demonstrate a dissociable role for the BNST in the expression of fear to contexts that signal 199 imminent vs. remote shock onset. Inactivation of the BNST impaired conditioned freezing in a 200 context associated with remote footshock, but had no effect on freezing in a context associated 201 with imminent footshock. Importantly, the conditioning procedures equated total context and 202 shock exposure and produced similar degrees of context-dependent freezing, revealing that it is 203 the timing of shock with respect to placement in the conditioning context that determines 204 involvement of the BNST in contextual freezing. Interestingly, despite differences in latency to 205 freeze, the topography of freezing behavior was similar in animals conditioned with imminent and 206 remote footshocks. This reveals that although freezing was similarly sustained across the context 207 retrieval test, BNST inactivation only reduced freezing in animals conditioned with remote 208
footshock. This suggests that it is not the duration of the CR that determines BNST involvement 209 in conditioned freezing, but rather the degree to which the context or CS signals when footshock 210 will occur. 211
The current results build on a prior study from our lab , in which we 212 found that CSs that signaled imminent shock (e.g., forward-trained CSs) were insensitive to BNST 213 inactivation, whereas CSs that were poor predictors of shock onset (e.g., backward or randomized 214 CSs) were sensitive to the manipulation. Importantly, the current work replicates the findings of a 215 significant prior study that showed that context fear was insensitive to lesions of the BNST when 216 trained with early shock onset (Hammack et al., 2015) . The current study builds on and expands 217 on these findings in several critical ways. First, the study by Hammack and colleagues (2015) 218 utilized permanent excitotoxic lesions that persisted throughout conditioning and retrieval, making 219 it difficult to isolate whether the role of the BNST in context fear was specific to processes of 220 conditioning, consolidation, or retrieval. Although the BNST may have roles during these other 221 stages, our current data suggest that the BNST is necessary at retrieval for proper recall following 222 remote-but not imminent-shock training. Additionally, Hammack and colleagues (2015) 223 compared context fear expression in two groups of animals that not only differed in the timing of 224 shock, but also in total context exposure. In the current study, all animals had equal exposure to the context, indicating that the effects on retrieval are precisely because of shock timing, rather 226 than the duration of the context exposure per se. sensitive to BNST inactivation. Thus, we believe a more accurate depiction of BNST function is 233 that it mediates responses to remote and unpredictable threats, and that these responses may in 234 some cases be sustained (perhaps as the risk of threat persists), but that response duration is not 235 always predictive of whether BNST is involved. 236
We also observed differences in the magnitude of shock-evoked URs of IMMINENT vs. 237 REMOTE animals across the conditioning sessions. Specifically, imminent-shock onset appeared 238 to coincide with reductions in shock-induced activity across the sessions, whereas remote-shocked 239 animals largely expressed consistent levels of activity-burst URs across the sessions. We recently 240 reported a similar outcome in the US-induced activity of animals subjected to auditory forward vs. individually transported from the vivarium to a surgical suite and prepped for surgery. Animals 313 were deeply anesthetized using gaseous isoflurane (5% for induction; maintained during surgery 314 at 1-2%). Once deeply anesthetized, animals were secured in a stereotactic frame (Kopf 315 Instruments, Inc.), the hair on the top of the head was clipped, artificial tear ointment was applied, 316 and the skin at the site of the incision was treated with povidone-iodine. A small incision was made 317 in the skin and the skull exposed. Small holes were drilled into the skull to attach jeweler's screws. 318
Bregma and lambda of the skull were aligned on an even plane and small holes were drilled in the 319 skull to allow for insertion of bilateral stainless-steel guide cannulas (26-gauge, 8 mm from the 320 bottom of their plastic pedestals; Small Parts). The guide cannulas were lowered into the brain at the following coordinates: -0.15 mm posterior to bregma, ±2.65 mm lateral to the midline, and -322 5.85 mm dorsal to dura (guide cannulas were angled at 10° with their needles directed at the 323 midline). Dental cement was applied to cover the skull and to secure the guide cannulas to the 324 screws. Stainless steel obturators (33-gauge, 9 mm; Small Parts) were inserted into the guide 325 cannulas. Subsequently, rats were removed from the stereotaxic frame, topical antibiotic ointment 326 was applied to the head, and the rats were monitored for recovery. Rats were provided rimadyl-327 containing bacon-flavored tablets for post-operative pain management. Animals recovered for one 328
week in their homecages prior to the onset of behavioral training. 329 330 Intracranial infusions. In the week of recovery following surgery, animals were acclimated to 331 the process of intracranial microinfusions. This involved transporting the animals (in sawdust-332 containing five-gallon buckets) from the vivarium (in squads of eight) to the separate room used 333 for the infusions in the laboratory. The stainless-steel obturators were gently removed from the 334 guide cannulas and replaced with clean ones. Animals were then returned to their homecages. This 335 process was repeated twice on separate days. 336
For the data shown in Figures 5-7 undergoing IMMINENT training, animals were placed in the chamber and allowed to acclimate 380 to the context for 1 min before the onset of the US; animals remained in the chamber for 9 min 381 after shock onset before being removed and returned to their homecages (session I). Later that 382 afternoon, this process was repeated (session II). The following day, this process was repeated for 383 a morning session (III) and an afternoon session (IV). For REMOTE rats, the animals were placed 384 in Context A and allowed to acclimate for 9 min before the onset of the US; rats remained in the 385 chamber for 1 min after shock onset before being returned to their homecages (session I). This 386 process was repeated for an afternoon session (II), and two more session, III and IV, on the 387 following morning and afternoon, respectively. Thus, both IMMINENT and REMOTE rats 388 experienced four conditioning sessions in total (two per day; each conditioning session was 10 389 min). On the day after the final conditioning session, rats (in squads comprised of equal numbers 390 of IMMINENT and REMOTE animals) were placed in either the novel (Context B) or 391 conditioning (Context A) context for 10 min in the absence of shock. We alternated squads for novel or conditioning context exposure until each rat had experienced both the novel and 393 conditioning context for 10 min each. Both of these tests occurred on the same day (day three of 394 behavioral procedures). After each test session, animals were returned to their homecages until 395 sacrificed at a later date. 396 IMMINENT/REMOTE w/ BNST inactivation. In a 2 × 2 design, rats (n = 64, prior to 397 exclusions) were randomly selected to experience contextual conditioning using early 398 ("IMMINENT") or late ("REMOTE") onset of shock, and to undergo drug ("MUS/NBQX") or and at the conclusion of behavioral procedures, rats were overdosed on sodium pentobarbital (Fatal 415 containing the BNST were collected using a cryostat set to -20° C (Leica Microsystems). Sections 420 were wet-mounted onto gelatin-subbed glass microscope slides. Subsequently, the tissue was 421 stained with 0.25% thionin using a standard staining procedure. Glass coverslips were glued 422 (Permount, Sigma) to the microscope slides, and the slides were allowed to dry before imaging. 423
Photomicrographs of the thionin-stained tissue were generated at 10× using a Leica Microscope 424 (MZFLIII) and Leica Firecam software. Data shown in Figs. 5-7 include only those animals with 425 injector tips localized to within the borders of the BNST. 426 427 Statistics. All data were submitted to repeated or factorial analysis of variance (ANOVA) or two 428 tailed t-tests as described for each experiment. Only after a significant omnibus F ratio in the 429 ANOVA (α was set at 0.05) were data submitted to post-hoc comparisons in the form of Fisher's 430 protected least significant difference (PLSD). All data are shown as means (± s.e.m). No statistical 431 methods were used to predetermine group sizes (group sizes were selected as based on prior work). 432
Data distributions were assumed to be normal, although these were not formally tested. 433 
